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ABSTRACT 


Techniques  have  been  developed  for  investigation  of  the 
porosity  of  protective  films  formed  in  a  mild  steel -15% 
NaOH  (aqueous)  system  at  316°C.  The  apparent  porosity 
and  uniformity  of  the  film  were  determined  by  hydroxyl  ion 
transport,  gas  (helium  and  argon)  flow  and  light  transport 
through  the  film.  Specifically,  optical,  gas  flow,  and  pore 
volume  per  surface  area  measurements  were  used  to  esti¬ 
mate  the  mean  pore  size.  A  comparison  of  the  results 
from  the  three  methods  established  an  estimated  value  of 
0. 1  to  7. 0  microns  for  the  mean  pore  diameter. 
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This  is  a  final  report  on  this  phase  of  the  study;  other 
work  is  continuing. 
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THE  POROSITY  OF  PROTECTIVE  FILMS  ON  MILD  STEEL 


INTRODUCTION 

The  elucidation  of  corrosion  mechanisms  in  metal-aqueous  systems  ideally  re¬ 
quires  a  thorough  knowledge  of  the  physical,  chemical,  and  electrochemical  properties 
of  the  components  and  their  interactions.  These  interactions  are  experimentally  diffi¬ 
cult  to  identify  separately  if  competitive  processes  contribute  to  the  overall  reaction 
products.  To  date,  only  moderate  success  has  been  achieved  in  the  determination  of 
general  corrosion  mechanisms  in  the  mild  steel-aqueous  system  (high  temperature), 
mainly  through  evaluation  of  corrosion  rate  data  and  product  analysis.  The  two  princi¬ 
pal  methods  used  in  such  studies  have  been  the  hydrogen  effusion  technique  of  Bloom 
and  Krulfeld  (1)  and  the  block  specimen-autoclave  technique  of  Potter  and  Mann  (2). 

The  effusion  method  yields  much  lower  reaction  rates  and  produces  apparently  homoge¬ 
neous  protective  films  (3,  4),  while  the  films  produced  by  the  autoclave  technique  are 
thicker  and  are  characterized  by  a  double- layer  structure— a  thick  outer  layer  and  a 
relatively  thin  layer  at  the  metal  surface. 

A  lack  of  information  concerning  the  physical  structure  of  the  films,  especially 
their  porosity,  has  hindered  the  development  of  an  acceptable  explanation  of  the  general 
corrosion  mechanism.  Studies  (5,6)  of  the  porosity  of  the  autoclave -grown  films  of 
Potter  by  density  and  surface  area  measurements  and  by  electron  microscopy  have  been 
inconclusive;  on  the  other  hand,  Castle  and  Mann  (7)  suggest  on  the  basis  of  surface 
area  measurements  that  the  hydrogen- effusion-produced  films  of  Bloom  are  nonporous. 
Obviously  more  definitive  studies  of  the  porosity  of  these  oxide  films  are  needed. 

The  behavior  of  steel  in  an  aqueous  environment  at  high  temperature  (8)  is  charac¬ 
terized  by  an  initial  high  corrosion  rate.  As  the  film  thickness  increases,  corrosion 
proceeds  at  a  transitory  lower  rate  until  finally  a  much  lower  steady- state  value  is 
approached.  The  following  reactions  describe  the  alternative,  or  complementary, 
mechanisms  most  universally  subf  .ribed  to: 

3Fe  -  40H'  +  Fe304  *  4H  +  4e-  (i) 

3Fe  -  40"  -  *  Fe,04  +  8e-  (ii) 

3Fe*  *  -  60H-  *  Fe304  -  H ?  *  2HjO  (ill) 

Reaction  i  is  based  on  a  pore- liquid  transport  model.  The  hydroxyl  ions  in  solution  gain 
access  to  the  steel  through  the  porous  structure  of  the  film  with  the  formation  of  mag¬ 
netite  at  the  steel/oxide  interface.  Reactions  ii  and  iii  suggest  a  general  corrosion 
mechanism  based  on  solid-state  diffusion  phenomena.  In  reaction  ii  oxide  ions  from 
solution  diffuse  through  the  film  to  the  steel/oxide  interface,  where  magnetite  is  again 
formed.  Hydroxyl  ion  diffusion  is  similarly  envisioned  to  continue  the  oxidation  of  iron 
at  the  same  site,  again  according  to  reaction  i.  Reaction  iii  describes  the  outward  dif¬ 
fusion  of  iron  (oxidized  at  the  steel/oxide  interface)  ions  through  the  film  to  the  oxide- 
solution  interface,  where  the  growth  of  the  magnetite  film  continues. 

The  order  of  magnitude  of  the  pore  size  would  appear  to  be  an  important  parameter 
required  to  determine  the  feasibility  of  a  general  corrosion  mechanism  based  on  the 
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pore- liquid  transport  model.  Access  of  the  corrodent  to  the  underlying  metal  of  the 
corrosion  film  by  pores  of  atomic  dimensions  might  reflect  corrosion  rates  comparable 
to  those  predicted  by  a  solid-state  diffusion  mechanism.  It  is  evident  that  corrosion 
mechanisms  predicted  by  reaction  rate  criteria  alone  might  easily  be  misconstrued. 

'"'he  porosity  concept  of  a  general  corrosion  mechanism  has  recently  been  under  investi¬ 
gation  at  NHL.  Magnetite  films  formed  in  a  mild  steel— 15%  NaOH  (aqueous)  system 
at  Slfl°C  were  subjected  to  various  tests  conventionally  used  to  examine  the  porous 
properties  of  materials.  Methods  designed  to  test  the  liquid,  gas,  and  visible- light 
transport  properties  of  stripped,  high- integrity  films  were  applied.  The  treatment  of 
data  derived  from  such  experimentation  to  determine  the  porosity,  uniformity,  and  mean 
pore  size  oi  the  film  will  be  described. 


EXPERIMENTAL  PROCEDURE 
Sample  Preparation 

Capsule  and  Film  Formation  -  The  protective  films  were  formed  in  cylindrically 
shaped  capsules  machined  from  mild  steel  bar  stock  to  dimensions  of  0. 25-in  O.D. , 

0. 030-in.  wall  thickness,  and  2.5-in.  length.  One  end  of  the  capsule  was  machined  to  a 
hemispherical  shape,  and  the  other  end  was  left  open  for  solution-adding  purposes.  The 
capsules  were  cleaned  and  heat-treated  as  follows  prior  to  filling: 

1.  Polished  mechanically. 

2.  Cleaned  ultrasonlcally  by  5-min  immersion  in  an  acetone  bath,  followed  by  10 
min  in  a  10/90  acetone- water  bath  containing  2%  of  a  nonionic  detergent  (Aquet). 

3.  rinsed  with  water,  then  with  acetone,  and  stored  in  a  dry  atmosphere. 

4.  Hydrogen  annealed  at  875 °C  for  1  hr. 

5.  Vacuum  annealed  at  f  i°C  for  1  hr. 

The  15%  NaOH  solution  used  to  load  the  capsules  was  prepared  from  reagent- grade 
NaOH  and  distilled  water  and  stored  in  polyethylene  containers.  The  capsules  were  half 
filled  (about  1  ml)  with  the  solution  to  allow  for  liquid  expansion  at  the  temperature  of 
the  experiment.  No  precautions  were  taken  to  exclude  the  ambient  room  air  from  the 
space  above  the  solution.  The  open  end  of  the  capsule  was  closed  by  crimping  and 
hermetically  sealed  by  resistance  welding.  The  capsules  were  then  placed  in  a  muffle 
furnace  controlled  at  318  C  ±  2°C  to  react  for  a  period  of  2  weeks.  Films  formed  under 
these  experimental  conditions  were  about  12  ?  thick  (8).  The  reacted  capsules  were 
cooled  and  cut  open  at  the  welded  end.  The  liquid  solution  was  withdrawn,  and  the  cap¬ 
sules  were  repeatedly  rinsed  with  distilled  water  and  organic  solvents. 

Film -Stripping  Procedure  -  Preferential  solution  techniques  (9)  were  applied  to 
dissolve  the  steel  backing  of  the  films.  The  solution  of  iodine  in  methanol  used  does  net 
attack  the  magnetite  film.  The  outer  surface  of  the  capsule  was  coated  with  paraffin  by 
immersion  in  a  liquid  bath  held  at  a  temperature  just  above  the  melting  point  of  the  wax. 
The  solidified  wax  was  removed  only  from  the  closed,  rounded  end  of  the  capsule  to  a 
length  approximately  1/4  in.  from  the  bottom.  The  capsule  was  then  suspended  in  the 
iodine-methanol  solution  in  an  inert  atmosphere  (argon),  and  the  steel  dissolved  from 
the  exposed  bottom  portion.  The  stripped  surface  was  repeatedly  washed  with  water-free 
methanol,  until  the  last  traces  of  iodine  disappeared,  before  removal  from  the  inert 
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atmosphere.  This  technique  produced  a  stripped  film  attached  in  situ  *o  the  metal  cap¬ 
sule.  The  combination  greatly  facilitated  the  manipulation  of  the  fragile  film  in  the 
course  of  the  various  experimental  observations. 

Film  Integrity  -  The  films  were  given  a  crude  preliminary  screening  to  establish 
their  physical  integrity.  The  stripped  capsules  were  wetted  externally  with  a  detergent 
soap  solution,  pressurized  inside  with  helium,  and  observed  for  the  formation  of  bubbles 
to  check  for  extraneous  leaks  or  cracks.  The  films  were  observed  to  exhibit  adequate 
strength  to  withstand  a  helium  pressure  equivalent  to  at  least  5  mm  Hg.  This  was  a  suf¬ 
ficient  pressure  for  this  type  of  leak  test  to  expose  large  cracks  (invisible  to  the  naked 
eye)  in  some  films;  these  were  rejected  from  further  consideration.  The  films  were 
further  scrutinized  under  a  microscope  at  a  magnification  of  at  least  300X  for  similar 
but  smaller  defects. 


Examination  of  Film  for  Porous  Properties 

The  following  approaches  were  adopted  in  probing  the  stripped  film  to  substantiate 
or  negate  its  porous  structure. 

Liquid  Transport  -  To  explore  in  general,  the  pore  concept  of  the  corrosion  mech- 
anism  suggested  by  reaction  i,  it  is  necessary  to  deduce  whether  hydroxyl  ions  in  solu¬ 
tion  are  capable  of  traversing  the  film.  The  investigation  of  this  phenomenon  was  based 
on  the  principle  of  osmosis.  The  partially  stripped  capsule  formed  in  essence  a  con¬ 
tainer  used  for  distilled  water,  which  was  immersed  in  a  sugar  solution  in  the  manner 
typical  of  osmotic  pressure  experiments,  using  the  oxide  film  as  the  semipermeable 
membrane.  A  diagrammatic  view  of  the  assembled  apparatus  used  is  shown  in  Fig.  1. 

The  connection  between  tl.j  capsule  and  shank  of  the  standard- taper  ground-glass  joint 
was  made  by  a  close-fitting  copper  coupling.  The  lower  half  of  the  apparatus,  with  the 
exception  of  the  stripped  film  surface  of  the  capsule,  was  coated  with  paraffin  to  seal 
all  extraneous  leaks.  The  0.5-mm-bore  capillary  manometer  section  fitted  with  the 
counterpart  taper  joint  completed  the  apparatus  assembly.  A  pool  of  mercury  above  the 
combined  standard-tap<  r  joint  assured  a  positive  seal  at  this  juncture. 

In  a  typical  experimental  run,  the  lower  part  of  the  apparatus  containing  the  iron 
oxide  capsule  was  carefully  filled  with  distilled  water  to  the  top  of  the  standard-taper 
joint  by  the  use  of  a  hypodermic  needle  and  syringe.  The  capillary  manometer  section 
was  next  assembled  in  place  by  a  careful  seating  of  the  ground-glass  joints.  The  water 
level  in  the  measuring  capillary  was  adjusted  to  a  convenient  level,  and  the  apparatus 
was  inserted  into  the  sugar  solution.  The  depth  of  immersion  of  the  apparatus  in  the 
solution  was  about  a  centimeter  from  the  top  of  the  manometer.  The  complete  assembly 
was  thermostated  at  28  C  in  a  water  bath.  Since  the  distilled  water  and  solutions  used 
in  setting  up  the  apparatus  had  been  stored  in  the  constant-temperature  bath,  the  system 
was  essentially  at  temperature  equilibrium  almost  immediately  on  assembly.  Th"  water 
level  in  the  measuring  capillary  was  immediately  determined  with  the  aid  of  a  cathetom- 
eter,  recorded,  and  compared  with  the  level  of  solution  in  the  reference  capillary.  Sub¬ 
sequent  measurements  were  made  with  time;  if  any  water  passed  through  the  film,  the 
volume  decrease  resulted  in  a  lowering  of  the  water  level  in  the  measuring  capillary. 
Osmotic  pressures  of  solutions  are  conventionally  determined  by  the  difference  in  liquid 
levels  of  the  respective  capillaries,  using  perfect  semipermeable  membranes  in  this  type 
of  apparatus.  While  it  is  not  entirely  valid  to  compare  hydroxyl  ion  (in  solution)  migration 
through  the  film  with  that  of  a  water  molecule,  due  to  electric -charge  disparities  mainly, 
it  appeared  to  be  a  somewhat  reasonable  approach  in  consideration  of  the  dipole  moment 
of  water. 
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Fig.  1  -  OBmotic  pressure  apparatus 


Gas  Transport  -  A  second  approach  to  this  question  of  the  general  porosity  of  the 
film  employed  a  gas  transmission  technique.  It  was  designed  primarily  to  detect  un¬ 
usually  low  flow  rates  of  gas  through  small  orifices  (pores).  By  the  variation  of  the 
appropriate  system  parameters,  such  as  the  film  area  and  the  differential  gas  pressure 
across  the  film,  both  of  which  have  a  controlling  effect  on  the  gas  flow  through  the  film, 
additional  information  concerning  the  uniformity  of  the  film  and  mean  pore  size  was 
obtained. 

The  experimental  apparatus  used  to  Investigate  the  general  porosity  of  the  film  by 
this  technique  is  shown  in  Fig.  2.  The  same  procedure  was  followed  in  joining  the 
capsule  to  the  ground-glass  joint  as  previously  described  for  the  osmotic  pressure  ap¬ 
paratus.  The  gas  inside  the  capsule  consisted  of  an  argon  (97%)-helium  (3%)  mixture  at 
a  pressure  of  approximately  2  mm  Hg  above  that  of  initially  pure  argon  at  atmospheric 
pressure  outside  of  the  capsule.  Helium  was  added  to  the  influent  argon  solely  as  a 
tracer  for  flow.  The  pressure  was  regulated  by  the  depth  of  immersion  in  the  gas  bub¬ 
bler  connected  in  parallel  with  the  gas  inlet  line  to  the  capsule.  Penetration  of  helium 
through  the  iron  oxide  film  was  measured  with  a  helium  mass  spectrometer.  The  ab¬ 
sence  of  gas  flow,  indicating  no  extraneous  leak  at  the  tapered  joint,  was  observed  under 
simulated  experimental  conditions  with  a  sealed  glass  tube  used  in  place  of  the  test  capsule. 

The  following  sequential  procedure  was  pursued  in  a  typical  experiment.  The  flow 
rates  of  helium  and  argon  were  regulated  to  give  the  desired  volume-percent  composition. 
With  the  test  capsule  removed  from  the  terminal  gas  inlet  line  of  the  apparatus,  the  gas 
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Fig.  2  -  Gas  transmission  apparatus 


mixture  was  flushed  through  the  auxiliary  system  for  about  30  min.  This  was  the  mini¬ 
mum  time  required  for  homogeneous  mixing  of  the  influent  gases  to  occur,  as  deter¬ 
mined  by  mass  spectrometric  analysis.  This  precaution  was  taken  to  ensure  the  con¬ 
stant  composition  of  the  gas  mixture  influent  to  the  test  capsule  throughout  the 
experiment.  The  spectrometer  probe  was  permanently  connected  to  the  sampling  port 
of  the  apparatus.  An  infinitesimal  volume  of  gas  flowing  through  the  system  was 
sampled  periodically  at  this  juncture  until  the  instrument  response  to  helium  remained 
constant.  With  the  gas  mixture  flowing  through  the  lines,  the  effluent  gas  enclosure  of 
the  apparatus  was  removed  and  the  test  capsule  placed  in  position.  The  removed  ef¬ 
fluent  gas  enclosure  was  repeatedly  evacuated  and  purged  with  argon  and  replaced  in 
the  system.  The  effluent  gas  was  periodically  sampled  for  helium  as  described  above 
to  determine  gas  transport  through  the  film.  By  comparison  of  the  observed  instrument 
response  with  a  previously  prepared  calibration  curve,  the  flow  of  helium  through  the 
film  could  readily  be  determined. 

Film  Uniformity  -  With  a  slight  modification  of  the  experimental  conditions  described 
above,  the  gas  transport  technique  was  extended  to  a  study  of  the  uniformity  of  the  film. 
This  was  accomplished  by  measuring  the  gas  flow  rate  through  the  film  as  a  function  of 
film  area.  Due  to  the  uncertainty  of  reproducing  identical  film  characteristics  in  dif¬ 
ferent  capsules,  the  area  of  the  stripped  film  in  the  same  capsule  was  varied  by  masking 
with  uncured  silicone  rubber  (General  Electric  RTV-112).  A  thin  wire  rod  was  dipped 
into  the  liquid  rubber  and  removed.  The  long  thin  stringer  hanging  from  the  end  of  the 
wire  was  directed  to  the  stripped  film  and  used  to  paint  a  portion  of  the  surface,  care 
being  exercised  not  to  touch  the  film  with  the  wire.  Within  a  few  minutes  after  applica¬ 
tion  the  liquid  rubber  began  to  set  up  and  was  allowed  to  cure  at  room  temperature  for 
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at  least  24  hr  The  flow  ra  "  of  gat.  through  the  exposed  film  surface  of  the  capsule  was 
n.  asured  undei  otherwise  identical  experimental  conditions  as  described  above.  The 
same  procedure  was  repeated  as  the  film  surface  was  again  reduced. 

Mean- Pore-Size  Determination  by  Gas  Effusion  -  The  concept  of  the  flow  rate  of 
gas  through  porous  media  (10)  is  extensively  used  to  obtain  very  rough  estimates  of 
mean  pore  sizes  in  materials.  The  equation  for  streamline  flow  (11)  has  been  used  to  a 
good  advantage  for  this  purpose  in  certain  isolated  cases  under  well-defined  conditions. 
It  is  based  on  a  capillary  pore  model  of  circular  cross  section  and  is 


Q  F 


■E 


(1) 


It  was  derived  on  the  basis  of  both  the  geometric  parameters  of  the  model  and  certain 
applied  principles  of  the  kinetic  theory  of  gases.  It  is  a  modification  of  the  well-known 
Polseuilie  equation,  which  states  that  the  mass  flow  rate  of  fluid  through  such  a  model  is 
proportional  to  the  fourth  power  of  the  capillary  radius.  The  second  term  was  added  to 
the  Polseuilie  equation  to  correct  for  enhanced  gas  flow  due  to  slippage  at  the  capillary 
wall.  In  Eq.  1,  Q  is  the  mass  flow  rate  of  gas  through  the  capillary;  P  is  the  pressure 
differential  across  the  ends;  >  is  the  gas  kinematic  viscosity;  £  is  nr*  ■ ,  where  r  is  the 
capillary  radius,  '  is  the  length,  and  n  is  the  total  number  of  such  capillaries;  and  F  is 
nr\i  .  Under  streamline  flow  conditions,  r  ,  the  slip  flow  constant,  has  a  value  near 
unity  (11);  *  is  the  molecular  weight  of  the  gas,  R  is  the  gas  constant,  and  r  is  the 
absolute  temperature.  The  equation  is  immediately  recognized  as  being  of  the  slope- 
intercept  form  of  a  straight  line.  Thus,  if  Q  LP  is  plotted  versus  l  ,  £  can  readily  be 
calculated  from  the  slope  of  the  line  and  f  from  the  >•  intercept.  The  ratio  £  f  then  is 
equal  to  r  ,  the  mean  pore  radius. 

Binary  or  multicomponent  gas  mixtures  complicate  kinetic  gas  theory  calculations  on 
which  this  method  is  based  by  the  necessity  of  corrections  for  diffusion  and  segregation 
effects.  In  view  of  these  considerations,  both  the  experimental  procedure  and  apparatus 
design  used  in  the  gas  transport  study  of  the  film  were  modified  slightly  as  shown  in 
Fig.  3.  A  different  measurement  of  gas  flow  through  the  film  became  necessary,  since 
the  mass  spectrometer  used  previously  was  designed  for  helium  detection  only.  More¬ 
over,  since  the  comparative  flow  rates  of  different  single  gases  through  the  same  orifice 
(pore)  are  used  to  check  the  reproducibility  of  the  mean  pore  size  estimate  by  this  tech¬ 
nique,  it  was  necessary  to  incorporate  into  the  system  a  volumetric  flow- measuring 
device  that  could  be  used  for  any  gas.  The  universal  flow  meter  selected  functioned  by 
trapping  a  soap  bubble  in  the  gas  stream  and  timing  the  gas  displacement  of  a  calibrated 
volume,  the  soap  bubble  serving  as  the  marker.  A  1.  00- ml  calibrated  volume  was  used, 
as  low  flow  rates  were  anticipated. 

A  typical  run  was  started  by  first  flushing  the  assembled  apparatus  (test  capsule 
removed)  with  the  desired  gas  for  about  20  min  to  sweep  out  the  ambient  room  air  from 
the  system.  In  this  study  either  pure  helium  or  argon  was  used.  The  test  capsule  was 
then  placed  in  position,  and  the  apparatus  was  reassembled.  Before  the  actual  flow 
measurements  through  the  film  were  started,  the  effluent  gas  from  the  bubbler  was  used 
to  flush  the  system  downstream  from  the  capsule  for  another  30  min.  This  precaution 
was  taken  to  ensure  the  same  gas  composition  on  both  sides  of  the  film.  The  gas  bubbler 
was  then  vented  to  tbs  atmosphere,  and  the  flow  measurements  were  started  by  injecting 
a  soap  bubble  into  the  gas  stream  flowing  through  the  film.  This  was  accomplished  by 
squeezing  the  rubber  bulb  containing  the  soap  solution  and  thereby  raising  the  liquid  level 
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Fig.  3  -  Mean  pore  size-gas  flow  apparatus 


to  the  gas  inlet  side  arm  of  the  calibrated  volume.  Flow  rate  measurements  were  made 
as  a  function  of  the  pressure  differential  across  the  oxide  film.  The  gas  pressure  was 
regulated  as  previously  described.  The  maximum  pressure  differential  across  the  film 
was  equivalent  to  about  5  mm  Hg. 

Light  Transport  -  Optical  methods  present  a  facile  approach  to  both  the  qualitative 
and  semiquantitative  investigation  of  the  porous  properties  of  materials.  The  examina¬ 
tion  of  the  specimen  under  the  high  magnification  and  resolution  of  commercially  avail¬ 
able  light  microscopic  equipment  easily  permits  the  investigation  of  pore  sizes  in  ma¬ 
terials  down  to  at  least  0. 1 .  in  diameter.  Photomicrographs  of  transmitted  light 
patterns  of  the  specimen  afford  permanent  records  subject  to  a  variety  of  analyses  which 
can  be  related  to  specimen  structure.  The  intensity  of  discrete  light  images  (of  pores) 
contrasted  against  the  dark  nontransparent  background  of  the  specimen  enable  void 
fraction  estimates  and  differentiation  to  be  made  between  pores  and  cracks.  Order  of 
magnitude  estimates  of  the  pore  size  by  statistical  analysis  of  the  dimensions  of  the  pore 
images  measured  microscopically  are  possible. 

The  visible- light  transmission  technique  was  pursued  to  supplement  the  osmotic  and 
gas  transport  investigations  of  the  film.  This  approach  to  the  porosity  of  the  film  was 
intended  primarily  to  be  qualitative  in  purpose.  However,  this  technique  has  been  used 
at  NHL  (12)  with  moderate  success  not  only  to  substantiate  the  presence  of  voids  in 
glass- filament-wound  composite  materials  but  to  estimate  their  mean  diameters  (less 
than  50..-)  as  well.  The  specimen  (stripped  film)  to  be  examined  is  simph  placed  under 
a  light  microscope  and  observed  for  light  transmission.  The  film  is  impinged  with 
visible  light  on  one  side  and  viewed  from  the  other  side  under  a  microscope  in  a  dark 
field.  Light  Images  of  the  pores  in  the  specimen  appear  as  illuminated  spots. 
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RESULTS 

Liquid  Permeability  of  Film 

The  osmotic  pressure  criterion  was  adopted  primarily  to  investigate  the  general 
liquid  permeability  characteristics  of  magnetite  films.  The  film  was  positioned  between 
a  large  reservoir  (150  ml)  of  a  sucrose  solution  (40  g/1)  and  a  small  reservoir  (5  ml)  of 
distilled  water  (Fig.  1).  The  data  obtained  by  the  procedure  previously  discussed  are 
in  Table  1  and  indicate  that  water  indeed  passed  through  the  film  into  the  sugar  solution. 
Had  there  been  a  large  crack  or  hole  in  the  film,  the  hydrostatic  head  of  the  bulk  solu¬ 
tion  would  have  counteracted  the  osmotic  pressure  effect  observed.  Evaporative  losses 
of  water  from  the  measuring  capillary  could  not  have  contributed  significantly  to  the  ob¬ 
served  drop  in  level. 

The  experiment  was  repeated  with  the  same  film  but  with  different  solutes.  This 
was  done  for  the  dual  purpose  of  reproducing  the  osmotic  effect  and  investigating  any 
sieve  effect  of  the  solute  molecules  by  the  film.  Solutions  of  raffinose  (40  g/1), 
riboflavin  (0. 12  g/1),  and  inulin  (0.  5  g/1)  were  used  for  this  purpose.  The  solute 
molecular  size  ranged  between  8  and  24  A  in  diameter,  from  sucrose  to  inulin,  respec¬ 
tively.  These  data,  also  in  Table  1,  again  demonstrate  the  liquid  permeability  of  the 
film.  The  small  osmotic  effects  typically  observed  over  the  long  duration  of  these 
experiments  indicated  that  back  diffusion  of  solution  through  the  film  might  have  oc  - 
curred.  A  quantitative  analysis  of  the  liquid  in  the  capsule  compartment  of  the  apparatus 
indicated  a  solute  concentration  of  2.  5  and  1. 5  g/1  at  the  end  of  the  sucrose  and  raffinose 
experiments,  respectively.  Due  to  the  relatively  low  solubilities  of  riboflavin  and  inulin. 
coupled  with  the  small  capacity  of  the  capsule  compartment  for  sampling,  only  qualita¬ 
tive  results  were  obtained  at  the  end  of  these  experiments,  which  indicated  back  diffusion 
of  these  larger  sized  molecules  also.  On  the  basis  of  the  low  osmotic  pressures  ob¬ 
served  and  the  lack  of  a  significant  solute  sieve  effect,  it  was  concluded  that  the  pore 
size  of  the  magnetite  films  was  larger  than  molecular  dimensions. 

Comparisons  of  the  observed  osmotic  pressures  with  the  values  expected  for  per¬ 
fect  semipermeable  membranes  were  obviously  of  no  significance.  In  addition,  the 
purity  ot  the  compounds  used  in  making  the  solutions  and  the  compatibility  of  the  solutes 
with  the  magnetite  film  (physical  and/or  chemical  adsorption  effects)  were  indeterminate. 
These  phenomena  could  have  contributed  to  the  inconsistencies  in  the  relative  osmotic 
effects  observed.  The  osmotic  effect  obser.  ert  with  the  riboflavin  solution  was  more 
pronounced  than  with  the  sucrose  solution,  yet  the  osmotic  pressure  of  the  sucrose 
solution  is  theoretically  greater  by  a  factor  of  approximately  350. 


Uniformity  of  Film 

As  microcracks  in  the  film  would  likewise  reflect  an  osmotic  effect,  it  is  important 
to  differentiate  between  cracks  and  pores  when  postulating  corrosion  mechanisms.  The 
approach  adopted  was  to  investigate  the  uniformity  of  the  film  by  measurement  of  the 
flow  rate  of  gas  through  the  film  as  a  function  of  the  film  area,  using  the  apparatus  of 
Fig.  2.  If  the  films  were  inherently  porous,  it  appeared  reasonable  to  assume  that  a 
uniform  pore  distribution  would  exist  throughout  and  that  gas  flow  through  the  film  would 
be  proportional  to  the  film  area.  Conversely,  microcracks  of  an  extraneous  nature 
might  be  expected  to  display  a  more  random  distribution  in  the  film.  In  that  event,  in¬ 
consistent  flow  rates  versus  film  area  might  be  the  case. 


Table  1 

Osmotic  Flow  of  Water  Through  a  Magnetite  Film  at  28  °C 
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The  results  of  the  gas  flow-film  area  experiments  are  graphically  projected  as  a 
family  of  curves  in  Fig.  4.  The  initial  slopes  of  the  curves  were  considered  to  be  the 
most  relevant.  There  are  two  possible  explanations  for  the  reproducible  changes  in  the 
slopes  occurring  after  approximately  200  min.  First,  as  the  helium  concentration  in¬ 
creased  and  became  more  homogeneously  mixed  with  the  argon  in  the  enclosed  sampling 
space,  the  loss  of  helium  by  diffusion  into  the  room  atmosphere  through  the  capillary 
exit  tube  was  greatly  enhanced.  Second,  an  equilibrium  condition  was  approached  as 
the  concentration  gradient  of  helium  across  the  film  became  greatly  reduced,  which 
likewise  had  the  net  effect  of  a  reduced  flow  rate  through  the  film.  A  comparison  of 
the  initial  slopes  of  the  family  of  curves  suggests  a  linear  relationship  between  the  gas 
flow  rate  and  the  apparent  film  area.  A  more  definitive  relationship  was  impossible  as 
the  indicated  fractions  of  the  original  film  area  through  which  the  flow  measurements 
were  made  represented  approximate  values  of  the  visible  surface  only.  However,  in 
view  of  this  consideration,  the  data  generally  tend  to  indicate  a  film  of  a  fairly  uniform 
nature  with  respect  to  the  pore  distribution. 


Fig.  1  -  Gas  flow  through  magnetite  as  a  function  of  film  surface  area 


Mean-Pore-Size  Determination  of  Magnetite  Films 

Three  different  methods  of  mean-pore-size  determination  were  pursued  to  obtain 
the  most  reasonable  estimate  of  this  important  quantity  possible.  It  was  intended  that 
a  comparison  of  the  values  obtained  by  these  independent  methods  would  establish  order 
of  magnitude  agreement,  at  least. 

Gas  Flow  Method  -  The  application  of  the  streamline  flow  equation  (Eq.  1)  was 
initially  used  to  make  a  mean-pore-size  determination  of  the  film.  The  flow  rates  of 
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both  argon  and  helium  through  the  film  were  separately  measured  to  determine  the  re¬ 
producibility  of  the  method.  Plots  of  the  mass  flow  rate  per  unit  pressure  differential 
across  the  film  <Q  P >  versus  the  reciprocal  kinematic  viscosity  <  1  . )  of  the  respective 
gases  are  shown  in  Figs.  5  and  6.  The  data  appear  to  fit  the  streamline  flow  equation 
reasonably  well  over  the  limited  low-pressure  range  of  the  experiments.  The  slopes  of 
the  curves  representing  the  helium  and  argon  data  were  calculated  to  be  4.  04  •  10  10 
and  2.  47  10 ' 10 ,  respectively.  The  corresponding  y  intercepts  of  the  curves  were 

found  to  be  0.  15  10' 10  and  0.  35  10' 10  .  Substitution  of  these  values  into  the  ap¬ 

propriate  terms  of  the  streamline  flow  equation  enabled  the  calculation  of  the  desired 
pore  parameter.  The  comparative  results  of  the  helium  and  argon  flow  experiments 
are  compiled  in  Table  2.  The  derived  values  of  the  mean  pore  diameter  appear  to  be 
unreasonably  large  in  view  of  the  12-  thickness  of  the  film.  As  this  method  was  de¬ 
signed  to  give  a  rough  estimate  of  the  mean  pore  size  in  materials,  more  reliable  ap¬ 
proaches  were  pursued. 

Optical  Methods  -  A  small  detached  piece  of  stripped  film  formed  in  the  usual  type 
capsule  was  placed  under  a  light  microscope  and  observed  for  light  transmission  charac¬ 
teristics  by  the  experimental  procedure  previously  discussed.  A  photomicrograph  of 
the  result  is  shown  in  Fig.  7.  Due  to  the  extreme  curvature  of  the  film  specimen,  only 
a  portion  of  the  magnified  surface  was  in  focus.  This  surface  is  represented  as  the 
partially  discolored  (illuminated)  area  of  the  photomicrograph.  The  discrete  and  ir¬ 
regularly  shaped  illuminated  areas  in  aggregate  formed  an  apparent  replica  of  the 
porous  surface  structure  of  the  film.  This  replica  was  compared  with  those  obtained 
under  identical  microscopic  conditions  of  standard  porous  materials  to  estimate  both 
the  mean  pore  size  and  void  fraction  of  the  film.  Commercially  available  synthetic 
filter  material  made  to  specifications  of  0.  1  and  0.  2  in  pore  diameter  and  15^  void 
volume  were  used  as  the  standard  comparators.  The  basic  structure  of  the  standards 
was  of  the  interconnecting  channel  type.  A  comparison  of  the  discrete  light  patterns  of 
the  standards  and  film  specimen  revealed  a  striking  similarity  in  form,  which  tended  to 
indicate  that  an  interconnecting  pore  structure  was  characteristic  of  the  film  also.  The 
pore  size  of  the  film  appeared  noticeably  smaller  than  the  0.2-  pore  diameter  of  the 
larger  standard  and  comoared  quite  favorably  with  the  0. 1-  standard.  A  comparison 
of  the  densities  of  the  discrete,  illuminated  pore  images  of  the  standards  and  the  speci¬ 
men  permitted  an  estimate  of  less  than  l0rn  for  the  porosity. 

Void  Volume-Surface  Area  Method  -  The  void  volume-surface  area  method  (10)  was 
derived  from  a  purely  mathematical  analysis  of  the  geometric  parameters  of  a  capillary 
pore  model  of  circular  cross  section.  The  ratio  of  the  specific  void  volume  of  a  film 
to  its  surface  area  is  proportional  to  '  where  >  is  the  mean  pore  radius.  From  the 
inside  dimensions  of  the  capsule  in  which  the  film  was  formed,  the  film  thickness,  and 
porosity  function,  the  void  volume  of  the  film  can  be  readily  calculated.  The  porosity  of 
magnetite  films  formed  on  mild  steel  block  specimen  in  15^  NaOH  solutions  at  315°C 
have  been  determi. led  through  direct  density  measurements  by  Field,  Stanley.  Adams, 
and  Holmes  (5)  to  be  in  the  10  to  15' 7>  range.  This  is  in  fair  agreement  with  the  approxi¬ 
mate  10  c  value  estimated  by  the  light  microscopy  technique  of  this  study.  If  a  porosity 
value  of  lO'p  is  assumed,  the  calculated  void  volume  of  the  magnetite  film  formed  in  the 
capsule  is  approximately  0.0007  cm  ’.  The  surface  area  of  this  same  film  was  determined 
by  the  B.E.T.  method  (13)  to  be  approximately  500  cm*’.  Four  times  the  ratio  (0.0007 
cm ’/500  cm-’)  gave  a  calculated  value  of  0.056  as  the  mean  pore  diameter  of  the  mag¬ 
netite  film  formed  under  the  experimental  conditions  of  this  study. 
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Table  2 

Mean  Pore  Size  of  Magnetite  Films  by  Helium  and  Argon  Flow  Measurements 


Gas 

E 

F 

Mean  Radius 

(cm) 

Mean  Diameter 
<*) 

He 

1.4 

10-i° 

0.37 

io-6 

0.37 

10'3 

7.3 

Ar 

0.8 

1010 

0.25 

10'6 

0.31 

10  3 

6.2 

Kin-  7  -  l  ight  transmission  through  magnetite  films 


DISCUSSION 

Corrosion  kinetics  observed  by  numerous  researchers  in  the  mild  steel -aqueous 
system  at  high  temperatures  reportedly  follow  various  mathematical  rate  relationships. 
In  general,  the  corrosion  rates  observed  appear  to  lx1  too  high  to  justify  proposed  mech¬ 
anisms  l>a«ed  on  solid-state  diffusion  phenomena  of  the  various  system  components. 
Fraser  and  Bloom  (4)  proposed  a  mechanism  based  on  the  pore -liquid  transport  model 
contingent  on  a  porous  structure  for  the  magnetite  film.  Hydroxyl  ions  in  solution  are 
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envisioned  to  gain  access  to  the  underlying  metal  of  the  film  by  liquid  transport  through 
pores,  the  growth  rate  of  the  film  being  controlled  by  the  liquid  phase  diffusion  of 
hydroxyl  ions  to  the  steel/ oxide  interface.  It  might  also  be  controlled  by  the  outward 
counter  diffusion  of  a  soluble  iron  species  such  as  the  Fe02'2  ion  to  the  oxide/solution 
interface  as  suggested  by  Castle  and  Masterson  (6).  The  following  reactions  illustrate 
the  overall  reaction  mechanism  proposed: 

3  Fe  +  6  NaOH  >  3  Na2Fe02  +  3  H2  (iv) 

3  NajFeOj  +  4  H20  *  Fe304  +  6  NaOH  +  H2  (v) 

3  Fe  +  4  H20  »  Fe304  +  4  H2  (vi) 

The  evidence  of  the  porous  nature  of  magnetite  films  advanced  by  the  current  study 
lends  support  to  a  general  corrosion  mechanism  based  on  this  type  of  model. 


SUMMARY 

The  chemical  interactions  between  the  various  components  of  a  system,  such  as  the 
metal-corrodent  one,  can  be  extremely  complex  and  difficult  to  define  when  describing 
overall  reaction  mechanisms.  Conversely,  a  knowledge  of  the  physical  properties  of  the 
reaction  products  (films)  that  are  direct  manifestations  of  the  modes  of  these  interactions 
can  be  advantageous  in  this  respect.  The  effectiveness  of  magnetite  films  as  corrosion 
barriers  in  the  mild -steel -aqueous  system  was  investigated  from  the  point  of  view  of 
their  porosity.  Qualitative  evidence  is  advanced  in  support  of  a  general  corrosion  mech¬ 
anism  based  on  the  pore-liquid  transport  model. 

Techniques  were  developed  for  stripping  high-integrity  magnetite  films  in  a  form 
amenable  to  various  methods  of  experimental  observation.  Both  liquid  and  gas  permeabil¬ 
ity  criteria  were  used  to  substantiate  the  porous  structure  of  the  film.  Gas  flow  rate 
measurements  through  the  film  as  a  function  of  film  area  were  used  to  differentiate  be¬ 
tween  microcracks  and  pores  and  to  demonstrate  the  uniform  pore  distribution.  Esti¬ 
mates  of  the  mean  pore  size  by  gas  flow,  optical,  and  void  volume-surface  area  methods 
ranged  from  about  7.0  to  0. 1  ?  in  diameter,  respectively.  In  view  of  the  better  agree¬ 
ment  of  estimates  between  the  latter  two  methods  (0. 1  and  0.  06  )  and  the  relatively  thin 

films  (12  <<  )  probed,  the  submicron  range  of  the  mean  pore  diameter  appeared  to  be 
more  plausible.  In  any  case  the  pore  size  is  substantially  larger  than  molecular  di¬ 
mensions,  permitting  ready  penetration  of  water,  dissolved  salts,  and  gases  through  the 
oxide  film. 
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